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1.0  INTRODUCTION 


The  original  objectives  of  this  contract  called  for  a  study  of  six  or  more 
refractory  metals  as  emitter  materials  for  thermionic  converters,  The  properties 
to  be  studied  included: 

(1)  The  coverage  characteristics  of  the  metals  over  a  range  of  cesium 
pressures  and  emitter  temperatures  to  improve  our  understanding  of  the  work 
function  of  cesium-covered  refractory  metals. 

(2)  The  evaporation  and  corrosion  characteristics  of  the  same  materials 
at  various  pressures  and  current  densities. 

(3)  The  compatibility  of  these  materials  with  uranium  carbide,  of  the  type 
used  in  nuclear  reactors. 

The  experimental  work  had  barely  been  initiated  when  it  became  apparent 
that  evaluation  of  emitter  materials  was  inseparable  from  an  understanding  of  the 
basic  phenomena  that  control  the  performance  of  a  cesium  diode.  Past  experimental 
practice  often  called  for  collecting  sufficient  data  to  plot  several  I-V  curves  and 
from  these  data  to  approximate  an  optimum  performance  point.  Such  superficial 
examinations  have  often  been  used  as  a  basis  for  classifying  the  performance  of  various 
materials.  Conclusions  based  upon  such  work  can  be  misleading  since  they  fail 
to  examine  the  physical  reasons  for  the  observed  performance,  and  any  attempt 
to  generalize  from  such  limited  information  is  inherently  unsound. 

In  preparation  for  this  investigation,  therefore,  the  following  objectives  were 

fixed. 

(1)  To  gather  data  on  each  parameter  that  seemed  at  that  time  to  affect 
performance  significantly  and,  as  the  investigation  progressed,  on  any  other  pa¬ 
rameters  that  were  brought  to  light  as  being  particularly  significant. 

(2)  To  plan  our  experiments  so  that  the  data  gathered  on  each  parameter 
would  be  sufficient  to  give  a  clear  understanding  of  that  parameter's  effect  on 
performance. 

Such  comprehensive  information  should  enable  us  (by  the  end  of  the  program) 
to  construct  an  analytical  model  with  sufficient  foundation  in  experiment  to  describe 
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accurately  the  processes  occurring  in  a  thermionic  converter.  In  addition,  the 
use  of  different  emitter  materials  should  enable  us  to  determine  how  specific 
material  properties  affect  operation.  The  combination  of  an  analytical  model 
and  the  knowledge  of  the  manner  in  which  the  material  properties  interact 
within  this  framework  will  describe  the  performance  of  the  particular  material 
tested,  and  will  also  provide  a  valuable  basis  for  predicting  the  behavior  of  other 
materials  under  similar  conditions. 


2.  0  SUMMARY 


During  the  first  quarterly  period,  two  diodes  were  tested.  One  converter 
used  a  tantalum  emitter  and  a  molybdenum  collector,  and  the  other  used  a  molyb¬ 
denum  emitter  and  a  molybdenum  collector.  For  each  tube,  the  experimental 
investigation  was  begun  by  determining  current-voltage  (I-V)  characteristics. 

One  of  the  most  unique  features  of  this  work  was  that,  under  certain  con¬ 
ditions,  the  I-V  curves  exhibited  two  branches,  as  shown  in  Fig.  3-2.  The 
following  discussion  is  an  attempt  to  examine  some  of  the  paths  revealed  by  these 
data. 

Each  branch  of  the  I-V  curve  approaches  a  constant  current  value  as  out¬ 
put  voltage  is  reduced.  This  behavior  leads  to  the  association  of  an  apparent 
work  function  with  each  constant  current  value.  However,  without  additional 
information,  it  cannot  be  determined  whether  either  of  these  apparent  work  func¬ 
tions  corresponds  to  the  true  work  function  of  a  cesium-covered  surface. 

The  analytical  work  of  Saha  and  Langmuir  has  related  the  ion  production 
rate  to  the  surface  temperature,  gas  pressure,  and  surface  work  function.  The 
relationship  enables  the  calculation  of  the  surface  work  function  if  the  ion  current 
can  be  measured.  Therefore,  a  technique  was  developed  for  measuring  the  ion 
current  in  the  experimental  diode. 

Still  another  method  of  investigating  the  magnitude  of  emitter  work  function 
is  by  determination  of  "electron  cooling."  Electron  cooling  is  the  average  energy, 
measured  in  volts,  carried  from  the  emitter  to  the  collector  by  the  electrons.  For 
an  electron  to  travel  from  the  emitter  to  the  collector,  it  must  have  sufficient 
energy  to  overcome  the  highest  potential  barrier  in  its  path.  This  may  be  either 
the  emitter  work  function,  a  point  in  the  interelectrode  space,  or  the  sum  of  the 
collector  work  function  and  the  output  voltage.  In  any  case,  the  emitter  work  function 
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cannot  be  higher  than  the  value  of  electron  cooling.  Thus,  if  electron  cooling 
can  be  measured,  an  upper  limit  to  the  emitter  work  function  is  determined. 

The  realization  of  the  value  of  being  able  to  measure  electron  cooling  led  to 
the  development  of  a  technique  for  accurate  determination  of  this  quantity. 

In  addition  to  its  relationship  to  emitter  work  function,  electron  cooling 
measurements  make  it  possible  to  evaluate  one  of  the  most  important  heat 
losses  in  diode  operation.  A  portion  of  the  energy  transported  by  the  electrons 
from  the  emitter  is  converted  to  useful  power  at  the  terminals,  while  the  re¬ 
mainder  is  irreversibly  converted  to  heat  when  the  electrons  arrive  at  the 
collector.  The  magnitude  of  this  loss  accounts  for  one-third  to  one-half  of  the 
total  heat  lost  by  the  diode  during  operation. 

Until  this  method  of  measuring  electron  cooling  was  developed,  diode 
design  calculations  required  that  an  assumption  be  made  of  electron  cooling  loss. 
These  measurements  now  reveal  that  the  assumptions  that  were  used  regularly 
were  often  in  error  by  20  to  30%.  Thus,  the  designer  has  been  supplied  with  a 
tool  for  improving  the  accuracy  of  his  calculations. 

Another  heat  loss  that  affects  diode  performance  is  conduction  of  heat 
by  the  cesium  vapor.  Under  this  program,  a  technique  has  been  developed  for 
accurate  measurement  of  this  quantity.  To  the  best  of  our  knowledge,  this 
technique  supplies  the  most  detailed  and  accurate  measurements  to  date  of  cesium 
conduction  under  operating  conditions.  A  comparison  of  the  data  with  the  Knudson 
analytical  equation  and  the  kinetic  theory  conduction  value  in  the  appropriate 
regions  shows  good  agreement. 

An  additional  area  of  investigation  introduced  by  examination  of  the  I-V 
curves  is  the  mechanism  of  the  transition  from  the  lower  branch  or  "extinguished" 
mode  of  operation  to  the  upper  or  "ignited"  mode.  Experiment  shows  that  if  the 
output  voltage  of  a  diode  operating  in  the  extinguished  mode  is  reduced  sufficiently,  a 
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point  is  reached  at  which  the  observed  current  increases  abruptly,  usually  by  an 
order  of  magnitude,  while  the  voltage  remains  constant.  This  higher  value  of 
current  corresponds  to  a  point  on  the  ignited  mode  curve.  The  voltage  at  which 
the  phenomenon  occurs  is  termed  the  ignition  point.  This  ignition  point  has 
been  found  to  vary  as  a  function  of  other  diode  parameters. 

It  is  felt  that  a  thorough  study  of  the  ignition  phenomenon  will  greatly  facilitate 
understanding  of  the  ignited  mode,  which  has  great  value  for  high-performance 
operation.  Therefore,  a  study  was  initiated  to  correlate  the  relationship  of  the 
ignition  point  to  such  variables  as  ion  currents  and  the  ratio  of  cesium  mean-free 
path  to  interelectrode  spacing.  At  this  point,  a  substantial  volume  of  data  has  been 
accumulated.  Although  only  a  portion  of  the  data  has  been  processed,  initial  attempts 
at  correlation  have  begun,  and  some  important  relationships  have  already  been 
indicated. 

Finally,  the  variable  spacing  feature  of  the  test  diode  allows  investigation 
that  could  otherwise  be  performed  only  with  a  prohibitive  number  of  individual  test 
vehicles.  Such  a  program  would  require  time  and  money  far  in  excess  of  the  current 
program.  One  very  significant  result  of  the  variable  spacing  tests  has  been  the 
discovery  of  an  apparent  optimum  spacing  for  a  range  of  emitter  temperatures,  which 
is  greater  than  the  minimum  obtainable  spacing. 

It  is  now  obvious  that  this  program  is  of  great  importance  to  the  entire  area  of 
thermionic  development.  Never  before  has  a  program  in  this  field  attempted  to 
amass  the  type  of  data  which  is  now  being  produced.  The  lack  of  such  data  has  left 
an  important  gap  in  the  development  of  a  fundamental  understanding  of  vapor  con¬ 
verters.  It  appears  certain  that  continued  and  expanded  work  in  the  areas  described 
above  will  significantly  improve  the  basic  understanding  of  diode  operation  and  will 
lead  to  a  useful  analytical  model  of  the  thermionic  system. 
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3.0  EXPERIMENTAL  RESULTS 


3-  1  Electrical  Characteristics 

3.  1.  1  General 

Extensive  data  have  been  taken  on  two  test  diodes.  One  has  a  tantalum 
emitter  and  a  molybdenum  collector,  and  the  other  uses  molybdenum  for  both 
emitter  and  collector.  The  measured  characteristics  include  current-voltage 
(I-V)  relationships,  ion  currents,  electron  cooling,  ignition  potential,  and  back 
emission.  The  data  were  obtained  over  a  broad  range  of  emitter  and  collector 
temperatures,  cesium  pressure,  and  interelectrode  spacing.  The  experimental 
procedures  and  descriptions  of  the  test  vehicle,  test  facility,  and  instrumentation 
are  given  in  Appendices  A,  B,  and  C.  Appendix  E  contains  a  representative  group 
of  curves  plotted  from  the  test  data. 

3.  1.  2  I-V  Characteristics 

For  the  purpose  of  illustrating  the  following  discussion,  three  representative 
current-voltage  characteristics  of  the  Mo-Mo  diode  and  one  of  the  Ta-Mo  curves 
have  been  selected.  These  curves  are  shown  in  Figs.  3-1  through  3-4. 

Selecting  Fig.  3-2,  let  us  examine  the  characteristic  shape  of  the  curve. 
Assume  that  the  tube  is  at  open-circuit  condition  (I  =  0,  V  =  1.  75  volts),  and  let 
a  voltage  be  applied  across  the  output  terminals.  For  the  purpose  of  this  analysis, 
consider  that  the  unit  remains  at  equilibrium  with  the  emitter  and  collector  tem¬ 
peratures  and  cesium  gas  pressure  equal  to  the  values  tabulated  on  Fig.  3-2.  The 
output  voltage  is  gradually  decreased  and  the  lower  branch  is  traced  from  O.  C. 
through  points  A  and  B.  When  the  voltage  reaches  -180  mv  (point  B),  the  value 
of  current  abruptly  increases  from  0.  76  to  20.  0  amp,  while  the  voltage  remains 
constant.  This  brings  us  to  point  C,  which  is  a  point  on  the  upper  branch  of  the 
curve.  If  the  applied  voltage  is  either  increased  or  decreased  from  this  point,  the 
upper  branch  will  be  traced.  By  increasing  the  voltage  of  +700  mv,  we  arrive 


again  at.  point  A,  which  is  the  intersection  of  the  two  branches  of  the  characteristic. 
Further  variation  in  the  voltage  in  either  direction  will  result  in  tracing  the  lower 
branch  again. 

It  can  now  be  seen  that  two  distinct  modes  of  converter  operation  exist  when 
the  voltage  lies  between  points  A  and  B.  We  shall  designate  the  upper  branch  as 
the  ignited  mode  due  to  the  abrupt  change  which  brings  us  from  point  B  to  point  C. 

The  lower  branch  is  then  termed  the  extinguished  mode.  Point  B  is  called  the  ignition 
point,  and  point  A  is  called  the  extinguishing  point.  The  values  of  current  and  power 
obtained  by  operating  in  the  useful  region  of  the  ignited  mode  are  an  order  of  magnitude 
greater  than  the  values  obtained  at  the  corresponding  voltage  in  the  extinguished 
mode. 


3.1.3  Work  Function 

The  two  modes  of  the  I-V  curves  have  similar  shapes.  The  extinguished  mode 
tends  toward  a  constant  current  as  the  diode  voltage  is  reduced  with  respect  to  the 
open-circuit  voltage.  Consequently,  for  the  asymptotic  current  value,  a  work  function 
can  be  calculated  with  the  aid  of  the  Richardson  equation.  For  the  ignited  mode 
curve,  a  pseudo  saturation  current  can  be  estimated  and  a  work  function  calculated 
from  it: 


=  ATg  exp(i 


(3-1) 


where  I  is  the  saturation  current  in  amperes  per  square  centimeter,  A  =  120  amp 
—  2  ^*2 

cm  °K~  ,  T  is  the  emitter  temperature  in  degrees  Kelvin,  <j>  is  the  work  function 
E 

in  electron  volts,  and  k  is  Boltzmann's  constant  (11, 600  ev/°K).  The  resulting  values 
of  work  function  for  several  cases  are  tabulated  in  Table  3-1. 

Additional  information  relating  to  the  ignited  mode  "work  function"  may  be 
obtained  when  the  value  of  "electron  cooling"  is  known.  Electron  cooling  (which  was 
accurately  measured  for  the  first  time  under  this  program),  is  the  average  energy, 
measured  in  volts,  carried  from  the  emitter  to  the  collector  by  the  electrons.  The 
magnitude  of  this  energy  is  indicative  of  the  highest  potential  barrier  that  must  be 
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overcome  for  an  electron  originating  in  the  interior  of  the  emitter  to  arrive  at  and 
be  absorbed  by  the  collector.  This  highest  potential  barrier  maybe  either  the 
emitter  work  function,  a  point  in  the  potential  field  which  exists  in  the  interelectrode 
space,  or  the  sum  of  the  collector  work  function  and  the  output  voltage.  No  matter 
which  of  the  three  potentials  is  the  highest,  the  emitter  work  function  cannot  be 
greater  than  the  measured  value  of  electron  cooling. 

It  is  valuable  to  compare  the  "work  function"  information  computed  from  the 
I-V  curves  and  the  electron  cooling  data  to  a  previous  measurement  of  the  work 
function  of  a  cesium-covered  surface. 

Measurements  of  the  work  function  of  molybdenum  were  recently  reported  by 
J.  M.  Houston  [l].*  Houston  presents  S-curves  that  allow  the  determination  of  the 
work  function  cf>  for  any  value  of  emitter  temperature  at  two  values  of  cesium  pres¬ 
sure.  These  cesium  pressures  are  considerably  lower  than  those  used  in  our 
diodes;  therefore,  it  is  necessary  to  extrapolate  the  data  to  a  higher  range.  A 
similar  extrapolation  was  employed  by  Langmuir  and  Taylor  [2]  with  good  results 
for  the  case  of  cesium  on  tungsten. 

Figure  3-5  shows  the  results  of  the  extrapolation  of  Houston's  data.  The 
technique  used  to  construct  this  figure,  following  the  example  of  Langmuir  and 
Taylor,  depends  upon  the  following  relationship,  which  exists  between  atoms  evap¬ 
orated  from  the  emitter,  and  the  emitter  surface  temperature: 

"a=C4“p(-^}  (3-2> 

where  v  is  the  number  of  cesium  atoms  evaporated  per  square  centimeter  per 
a 

second,  C  is  a  constant  depending  upon  the  emitter  surface  properties  related  to  the 
number  of  atoms  available  for  a  specific  cesium  coverage,  B  is  another  constant 
depending  upon  the  energy  necessary  to  remove  a  cesium  atom  from  the  surface  of 
a  specific  emitter  material  at  a  specific  cesium  coverage,  and  T  is  the  temperature 
of  the  emitter  surface  in  degrees  Kelvin.  This  equation,  which  can  be  derived  from 

^References  are  given  in  Section  5.  0. 
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fundamental  thermodynamic  considerations  (see  Appendix  E),  is  analagous  to  the 
Richardson  equation.  While  the  Richardson  equation  specifies  an  electron  current 
density  as  a  function  of  emitter  surface  properties,  Eq.  (3-2)  specifies  an  atom 
current  as  a  function  of  similar  properties.  A  basic  assumption  of  the  equation 
is  that  the  constants  C  and  B  are  functions  of  cesium  coverage  on  a  particular 
emitter  material  and  are  independent  of  surface  temperature. 

Each  of  the  curves  of  constant  work  function  in  Fig.  3-5  represents  a  plot 
of  Eq.  (3-2)  for  particular  values  of  B  and  C.  These  values  of  B  and  C  were 
determined  from  Houston's  data,  as  described  below. 

Figure  3-6  is  a  schematic  representation  of  Houston's  S-curves.  Choosing 
a  value  of  cj>  =  3,  observe  the  intersection  of  the  line  (j>  =  3  with  each  of  the  S-  ~ 
curves  for  molybdenum  at  points  M  and  N.  The  following  information  is  now  known: 

At  point  M:  (T^,  (TCs)1><ll1  =  3- 

At  point  N:  (T^,  (T^,  ^  -  3. 


Since  <j>  =  $  ,  the  cesium  coverage  must  be  the  same  for  each  point. 

X  Lt 

In  addition,  T  can  be  related  to  the  arrival  rate  of  cesium  atoms  at  the 
C  s 

emitter  surface  (p  )  from  a  relationship  developed  by  Nottingham  [  3]: 

3* 


29  - 1 

p  =  7. 48  X  10  X  T  exp 

3  US 


(  8910 

v  "■ 


(3-3) 


Cs 


where  p  is  the  atom  arrival  rate  measured  in  atoms  per  square  centimeter  per 
second. 

In  turn,  the  atom  arrival  rate  can  be  related  to  the  atom  evaporation  rate 
since,  for  steady- state  conditions, 


v  +  v  , 
a  p 


(3-4) 


where  v  is  the  number  of  atoms  evaporating  from  each  square  centimeter  of 
a 

the  surface  per  second  and  v  is  the  ion  production  rate  of  the  surface  in  ions  per 
square  centimeter  per  second. 
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In  the  region  of  interest,  however,  v 

p 


«  v  ; 
a 


therefore. 


The  following  items  are  now  determined: 

At  point  M:  (T^,  (T^)^  $  ^  =  3,  and  (v^. 

At  point  N:  (T^,  (T^,  ^  =  3,  and  (v^. 


We  repeat  Eq.  (3-2): 


v 

a 


exp 


(3-2) 


Since  B  and  C  depend  only  on  cesium  coverage  and  since  the  equality  of 

( f>  and  (j )  indicates  identical  coverage  for  conditions  M  and  N,  the  values  of  T 
12  E 

and  v  for  points  M  and  N  may  now  be  substituted  in  Eq.  (3-2),  and  the  values  of  B 

cL 

and  C  are  determined. 

Having  determined  the  constants,  Eq.  (3-2)  can  be  used  to  plot  the  curve 
for  <t>  =  3  in  Fig.  3-5.  This  calculation  is  then  repeated,  and  the  values  of  B 
and  C  are  determined  for  other  work  functions.  Thus,  Fig.  3-5,  which  inter¬ 
polates  and  extends  the  range  of  cesium  reservoir  temperatures,  may  be  plotted 
from  Houston's  data. 

With  the  use  of  the  methods  described  above,  the  work  functions  for  the 
emitter  surface  under  the  conditions  given  in  Figs.  3-1  through  3-3  were  computed 
and  are  listed  in  Table  3-1.  Also  listed  in  Table  3-1  are  the  work  function  values 
derived  from  the  "saturation"  current  condition  of  each  figure  for  both  the  ignited 
and  the  extinguished  modes.  Note  that  in  each  of  the  three  cases  the  value  com¬ 
puted  by  extrapolating  the  Saha- Langmuir  data  falls  between  the  values  computed 
for  extinguished  and  ignited  modes  from  the  respective  "saturation"  currents. 

The  range  of  electron  cooling  values  for  the  barrier  (measured  in  the  ignited  mode) 
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is  in  good  agreement  with  the  ignited  mode  work  function. 

From  these  data  and  the  above  analysis,  some  preliminary  qualitative 
conclusions  can  be  drawn  with  regard  to  the  .mechanism  of  diode  operation. 

Although  no  evidence  has  been  found  to  contradict  the  hypothesis  that  follows, 
considerably  more  experimental  evidence  is  needed  to  confirm  it. 

Figure  3-7  shows  motive  diagrams  representing  the  extinguished  and  the 
ignited  modes.  The  true  emitter  work  function  is  represented  by  <j>  .  The 
collector  is  at  a  potential  equal  to  <j>  plus  V  .  Following  the  extinguished  mode 

E  O 

diagram,  the  highest  potential  point  is  equal  to  <j)  plus  6,  where  6  represents 

a  negative  space-charge  barrier.  The  value  of  6  is  small  (a  few  tenths  of  a  volt) 

and  the  sum  of  <£  and  6  remains  relatively  unaffected  by  reducing  V  .  This  leads 
E  o 

to  a  relatively  constant  value  of  current  at  low  V  and  the  value  of  the  potential 

barrier  associated  with  this  current  (column  2,  Table  3-1)  is  higher  than  the  true 

work  function  (column  3)  by  the  space  charge  barrier  6, 

As  V  is  reduced,  the  conditions  existing  in  the  ion  trap  (the  most  negative 
o 

region  in  the  interelectrode  space)  become  unstable  and  the  motive  diagram  assumes 
the  ignited  mode  configuration.  Thus,  a  plasma  is  established  between  two  ion 
sheaths.  The  creation  of  the  plasma-sheath  configuration  is  accompanied  by  an 
apparent  reduction  of  the  emitter  work  function  (A <t>  in  Fig,  3-5).  This  phenomenon 
can  be  caused  by  one  or  more  of  the  following  mechanisms: 

(1)  The  high  concentration  of  ions  in  the  emitter  sheath  region  effectively 
increases  the  arrival  rate  of  cesium  at  the  emitter,  and  thus  lowers  the  emitter 
work  function. 

(2)  The  steep  potential  gradient  of  the  sheath  causes  field  emission  of 
electrons  from  the  emitter. 

(3)  Secondary  emission  of  electrons  is  caused  by  ion  bombardment  of  the 
emitter. 

The  ignited  mode  work  function,  then,  must  be  lower  than  the  value  extrapolated 
from  the  Houston  data,  which  is  a  true  surface  work  function.  An  examination  of 
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Table  3-1  shows  that  this  is  indeed  the  case. 


3.1,4  Ion  Currents 

In  a  thermionic  diode  operating  at  a  given  emitter  temperature  and  cesium 
pressure,  a  certain  number  of  ions  are  generated  at  the  emitter  surface.  The 
resulting  flow  of  ions  from  the  surface  is  called  the  ion  current.  Under  this  pro¬ 
gram,  ion  currents  have  been  closely  investigated  for  the  first  time. 

The  function  of  ions  in  a  vapor  diode  is  the  neutralization  of  the  electron 
space  charge.  This  enables  higher  electron  currents  to  pass  from  emitter  to 
collector,  and  a  higher  output  is  obtained.  Therefore,  a  knowledge  of  the  ion 
current  is  important  in  the  understanding  of  vapor  diode  operation.  In  addition, 
the  emitter  work  function  can  be  computed  from  the  value  of  the  ion  current  as 
follows . 


li  =  ^a  \2ttM 


kT  \l/2 

_JL 


(  *1 


2  exp  ^ - =7 


+  1, 


(3-5) 


where  V\  is  the  ionization  potential  of  cesium  in  volts,  T  is  the  ion  current  in 

amperes  per  square  centimeter,  I  is  the  atom  arrival  rate  expressed  as  a  current 

21 

(in  amperes  per  square  centimeter),  k  is  Boltzmann's  constant  in  volts  per  degree 
Kelvin,  T^  is  the  temperature  of  the  cesium  gas  in  degrees  Kelvin,  M  is  the  mass 
per  atom  in  kilograms,  and  V  is  the  voltage  equivalent  of  temperature. 

During  the  reporting  period,  a  technique  was  devised  for  taking  ion  current 
measurements.  The  object  of  this  technique  is  to  measure  the  ions  produced 
by  surface  ionization  at  the  emitter  face.  This  is  accomplished  by  making  the 
collector  negative  with  respect  to  the  emitter  and  measuring  the  current  passing 
between  the  electrodes.  This  measurement  includes  ion  current  plus  any  electron 
back  emission  from  the  collector,  since  electrons  emitted  by  the  collector  are 
accelerated  toward  the  emitter  by  the  same  potential  field  that  causes  the  positive 
ions  to  flow  in  the  opposite  direction.  To  eliminate  the  effect  of  the  back  emission. 


3-7 


it  is  subsequently  measured  by  lowering  the  emitter  temperature  (so  that  no 
ions  are  generated)  and  maintaining  the  collector  temperature,  cesium  pressure, 
and  applied  electric  field  at  the  same  values.  The  current  produced  under  this 
condition  is  the  back  emission,  This  value  is  then  subtracted  from  the  first 
reading  and  yields  an  accurate  measurement  of  the  ion  current,  which  should 
be  independent  of  collector  temperature  if  Eq.  (3-5)  is  valid. 

The  initial  results  sharply  contradicted  this  prediction.  The  values 
of  ion  current  measured  by  this  method  show  a  strong  variation  with  collector 
temperature.  Figure  3-8  is  a  plot  of  the  ion  current  against  collector  temperature, 
with  constant  emitter  and  cesium  bath  temperatures.  This  curve  shows  that  a  change 
of  100“K  in  collector  temperature  (from  460  to  560°K)  results  in  a  tenfold  increase 
in  ion  current  (10  to  100  ma).  One  possible  cause  of  this  behavior  is  secondary 
emission  of  electrons  from  the  collector  produced  by  cesium  ion  bombardment  as 
a  result  of  the  strong  electric  fields  applied  in  the  experiment. 

An  effort  is  now  under  way  to  devise  more  refined  experimental  procedures 
to  take  such  phenomena  into  account  and  make  it  possible  to  isolate  and  measure 
the  true  ion  current  generated  at  the  emitter. 

3.1.5  Ignition 

The  discontinuity  observed  in  Fig.  3-2,  when  the  output  current  value  jumps 
from  point  B  to  point  C,  is  called  "ignition.  "  This  is  the  phenomenon  that  shifts 
the  operating  point  from  the  extinguished  mode  to  the  more  desirable  and  physically 
more  complex  ignited  mode.  It  is  expected  that  a  better  understanding  of  the  ignition 
phenomenon  will  make  it  possible  to  formulate  the  mechanism  of  ignited  mode 
operation. 

An  experimental  program  was  started  late  in  the  reporting  period  to  gather 
data  on  ignition.  This  program  is  still  in  its  initial  stages,  but  some  tentative 
conclusions  may  be  drawn  from  the  available  data. 


Figure  3-9(a)  shows  the  variation  of  ignition  potential  with  cesium  pressure 
for  a  fixed  emitter  temperature  (1653°K).  Three  curves  are  plotted,  each 
corresponding  to  a  different  collector  temperature.  On  the  ordinate  of  this  graph 
are  plotted  the  values  of  the  potential  of  the  emitter  with  respect  to  the  collector 
that  permit  ignition.  The  values  below  zero  indicate  that  the  emitter  iB  positive 
with  respect  to  the  collector.  This  is  the  polarity  of  the  unit  for  power  generation. 
Values  above  zero  indicate  that  the  emitter  is  negative  with  respect  to  the  collector 
and  that  power  is  consumed  by  the  unit  from  an  external  voltage  source.  The 
greater  the  negative  potential  required  for  ignition,  the  more  energy  must  be 
supplied  from  the  external  source. 

For  the  purpose  of  this  discussion,  let  us  select  curve  2  and  follow  its 
course  from  low  to  high  values  of  cesium  pressure.  It  may  be  observed  that,  at 
low  cesium  pressure,  ignition  requires  extremely  high  negative  potentials,  but 
as  the  pressure  is  increased  above  0.  1  mm  Hg,  the  required  negative  potential 
rapidly  decreases  until  it  becomes  positive  at  about  0.  4  mm  Hg.  A  further  increase 
in  pressure  results  in  a  reversal  of  the  curve,  which  then  climbs  back  into  the 
negative  region  and  reaches  a  peak  at  0.  5  mm  Hg.  As  cesium  pressure  continues 
to  rise,  another  drop  in  potential  is  observed,  followed  by  a  region  of  relatively 
constant  ignition  potential  from  about  1  to  10  mm  Hg.  Finally,  as  the  pressure  is 
raised  above  10  mm  Hg,  the  ignition  potential  exhibits  a  slow  rise. 

Referring  to  Fig.  3-7,  we  have  postulated  that  ignition  occurs  when  the 
extinguished  mode  potential  distribution  (shown  by  the  upper  line  in  the  figure) 
becomes  unstable.  This  instability  arises  through  an  overabundance  of  ions 
trapped  in  the  region  labelled  "ion  trap."  The  density  of  ions  trapped  in  this  region 
depends  on  the  ion  production  rate  and  the  number  of  collisions.  The  dependency 
upon  ion  production  rate  is  obvious.  The  generated  ions  experience  a  force  from 
the  electric  field  which  tends  to  return  them  to  the  emitter.  The  number  of  collisions 
is  a  measure  of  the  resistance  that  the  ions  encounter  while  returning  to  the  emitter. 
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Therefore,  the  greater  the  number  of  collisions,  the  longer  the  ions  reside  in 
the  ion  trap;  hence,  the  higher  the  density  of  ions.  The  ion  production  rate 
(expressed  as  an  ion  current)  and  a  measure  of  the  number  of  collisions  (ratio 
of  interelectrode  spacing  to  mean-free  path)  are  plotted  in  Fig.  3-9(b)  on  the 
same  cesium  pressure  scale  used  for  the  igniton  potential  curve.  Although  no 
quantitative  relationship  among  these  three  variables  has  yet  been  formulated, 
a  qualitative  explanation  may  be  attempted. 

At  cesium  pressures  below  0.  3  mm  Hg,  we  observe  high  values  of  ion 
current,  which  rapidly  decline  as  cesium  pressure  rises.  On  the  other  hand,  the 
number  of  collisions  in  the  interelectrode  space  is  extremely  small,  as  indicated 
by  the  value  of  w//v.  This  means  that  a  large  number  of  ions  are  generated, 
but  they  are  not  effective  in  increasing  the  ion  density.  As  the  cesium  pressure 
is  increased,  the  ion  current  decreases.  However,  the  increase  in  w/k  and, 
therefore,  the  number  of  collisions,  more  than  offsets  the  ion  current  decrease, 
and  the  ion  density  increases  Thus,  the  ignition  potential  becomes  less  negative. 
This  relationship  continues  until  a  pressure  of  about  0  35  mm  Hg  is  reached. 

At  this  point,  virtually  all  the  ions  are  being  retarded  by  collision  and  are  trapped, 
and  the  continued  increase  of  w/X  no  longer  increases  the  ion  density.  Thus, 
a  reversal  occurs  in  the  ignition  potential  curve  since  the  ion  current  is  still 
decreasing  at  a  substantial  rate.  When  a  pressure  of  about  1  mm  Hg  is  reached, 
the  rate  of  decrease  of  ion  current  is  greatly  reduced,  and  the  change  of  ignition 
potential  with  cesium  pressure  becomes  negligible. 

The  above  analysis  cannot  be  considered  as  an  exact  description  of  the 
relationships  among  the  parameters  in  question,  but  it  will  serve  as  a  guide  for 
further  experimentation.  It  should  be  noted,  however,  that  for  the  first  time  a 
framework  is  available  for  developing  a  sound  theory  of  cesium  diode  operation  in 
more  than  one  mode. 
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3.2  Thermal  Characteristic s 


3.  2,  1  Cesium  Conduction 

One  of  the  mechanisms  through  which  heat  is  lost  from  the  emitter  is 
that  of  conduction  through  the  cesium  vapor.  Practically,  all  of  this  heat  is 
conducted  to  the  collector  since  the  space  between  emitter  and  collector  is  at 
least  an  order  of  magnitude  smaller  than  that  between  the  emitter  and  any  other 
part  of  the  diode,  A  knowledge  of  this  quantity  is  of  great  value  in  efficiency 
calculations  and  is  an  important  tool  for  diode  design. 

Figure  3-10  is  a  summation  of  the  experimental  data  obtained  on  cesium 
conduction  during  the  reporting  period.  It  is  a  plot  of  cesium  gas  conductivity 
against  cesium  pressure.  For  pressures  below 0  5  mm  Hg,  the  conductivity 
is  negligible.  In  the  pressure  range  of  0.  5  to  20  mm  Hg,  the  conductivity  in¬ 
creases  as  pressure  increases.  In  this  region,  the  cesium  may  be  considered 
as  a  rarefied  gas;  therefore,  the  conductivity  should  vary  with  pressure.  When 
cesium  pressure  is  about  20  mm  Hg,  the  ratio  of  spacing  to  mean-free  path 
is  quite  large,  and  for  higher  cesium  pressures  the  conductivity  remains  constant. 

For  comparison,  Fig.  3-10  includes  plots  of  the  variation  in  cesium  conduc¬ 
tivity  with  pressure  as  calculated  by  the  Knudson  free -molecule  conductivity 
equation  [4]  and  the  kinetic  theory  of  gases  [5]  in  the  regions  where  each  is 
applicable . 

Computations  using  the  Knudson  equation  assumed  an  accommodation 
coefficient  of  1.0.  In  reality,  however,  this  coefficient  is  less  than  unity,  and 
the  resulting  curve  is  an  upper  limit  of  conductivity  values.  Thus,  the  position 
of  our  experimental  results  below  the  Knudson  plot  is  in  accord  with  the  analytical 
pred  iction. 

To  compute  gas  conductivity  by  kinetic  theory,  a  value  must  be  chosen  for 
the  collision  cross  section  of  the  cesium  atoms.  The  values  for  this  cross  section 
reported  in  the  literature  are  not  consistent  and,  depending  on  the  one  chosen,  the 
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resulting  thermal  conductivity  value  may  vary  by  ±30%,  Therefore,  it  may 
be  concluded  that  our  experimental  results  are  in  good  agreement  with  the 
kinetic  theory. 

3.2.2  Electron  Cooling 

Electron  cooling  has  been  defined,  and  its  significance  as  an  electrical 
characteristic  has  been  discussed  previously  (Section  3.  1. 3).  However,  it 
is  also  important  to  examine  electron  cooling  as  a  thermal  property  since  it 
represents  an  irreversible  process  in  which  a  portion  of  higher-order  energy 
is  converted  to  heat.  The  electrons  leave  the  emitter  with  an  energy  equal  to 
the  electron  cooling  value.  Upon  arrival  at  the  collector,  a  portion  of  the  energy 
of  the  electrons  is  recovered  as  useful  output,  and  the  remainder  is  converted 
to  heat  which  then  is  rejected  at  the  collector  temperature  to  the  thermodynamic 
heat  sink. 

In  terms  of  diode  design,  especially  in  heat  balance  and  efficiency  cal¬ 
culations,  knowledge  of  electron  cooling  values  is  extremely  important 
The  data  obtained  under  this  program  have,  for  the  first  time,  supplied  accurate 
electron  cooling  information,  and  now  permit  significantly  improved  design 
predictions . 

3.2.3  Radiation 

Radiation  heat  transfer  between  emitter  and  collector  is  another  important 
heat  loss  mechanism  which  requires  investigation.  The  test  vehicle  used  in 
these  experiments  (see  Appendix  A)  permits  accurate  measurement  of  this  quantity. 
Appendix  C  describes  the  method  used  to  measure  the  radiation. 

During  the  first  quarter,  no  experiments  were  performed  to  determine 
radiation  values.  This  work  will  be  initiated  during  the  second  quarter. 

3.  3  Power  and  Efficiency 

Power  and  efficiency  are  the  two  prime  indicators  of  performance  in  an 
operating  unit,  and  the  ultimate  aim  of  all  thermionic  research  and  development 
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is  the  achievement  of  high  power  densities  and,  consequently,  high  efficiencies. 

It  has  been  the  basic  philosophy  of  this  program  to  approach  these  goals  by 
developing  a  thorough  understanding  of  thermionic  generator  operation,  rather 
than  by  trial  and  error,  as  has  often  been  the  case  in  the  past.  Therefore, 
the  test  vehicle,  which  is  the  tool  for  achieving  this  goal,  has  been  designed  to  yield 
a  maximum  amount  of  information  over  the  entire  range  of  parameter  variation. 
Consequently,  this  diode  test  vehicle  has  not  been  designed  for  maximum  efficiency. 

In  view  of  these  considerations,  the  efficiency  of  this  test  vehicle  is  of 
little  significance.  However,  the  data  collected  at  any  given  operating  condition 
permit  the  prediction  of  efficiencies  for  a  generator  that  would  be  optimized  for 
that  particular  condition.  This  is  accomplished  through  the  use  of  the  experimental 
values  of  output  power  and  thermal  losses  which  have  been  made  available  through 
carefully  controlled  experimentation  with  the  test  vehicle. 

Figure  3-11  shows  the  maximum  power  density  obtained  at  each  emitter 
temperature  by  optimizing  all  other  variables  for  this  condition.  A  plot  is  shown 
for  each  of  the  experimental  diodes  tested  during  this  quarter.  The  diode  that 
uses  molybdenum  for  both  the  emitter  and  the  collector  exhibits  approximately 
double  the  power  density  of  the  diode  that  has  a  tantalum  emitter  and  a  molybdenum 
collector  when  the  two  tubes  are  operated  at  the  same  emitter  temperature.  From 
another  point  of  view,  it  may  be  said  that  the  Mo-Mo  tube  gr^es  the  same  perform¬ 
ance  as  the  Ta-Mo  tube,  but  at  emitter  temperatures  100  to  150°  lower  Since 
lower-temperature  operation  means  lower  heat  losses,  a  substantial  improvement 
in  efficiency  results. 

A  typical  computation  to  predict  efficiency  from  the  type  of  data  which  has 
been  collected  on  this  program  is  presented  below.  An  emitter  temperature 
of  l600°K  has  been  chosen  for  this  sample  computation,  since  this  is  the  point  at  which 
the  most  complete  set  of  data  is  available  for  both  experimental  tubes. 
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(1)  Tabulated  values . 


Item 

Emitter  temperature  T 
Collector  temperature  T 
Cesium  bath  temperature  T 

O  s 

Cesium  pressure 
Output  power  density 
Output  current  density 
Output  voltage 

Electron  cooling  (V  -  w/amp) 
Radiation  emissivity  factor 


Ta-Mo 
1600°K 
925°  K 


553°  K 


1  mm  Hg 

2 

0.  5  w/cm 
1  amp/cm^ 
0.  5  v 


2.  7  v 


Mo-Mo 

1600°K 

925°K 

553°K 


1  mm  Hg 
2.  7  w/ cm^ 
9  amp/' cm i 
0.  3  v 
2 .  5  v 
0.  19 


(2)  Heat  los ses  , 
a.  Radiation. 


where 


QR  ~  ^  (QbbE  “  SbC^ 


=  blackbody  radiation  at  emitter  temperature 
=  37  w/cm"  r  6  1, 

=  blackbody  radiation  at  collector  temperature 
=  4  w/ cm^  r  6 1  , 

^  +  ‘C  -  1)_1- 


Ta-  h4o 

Qd  =  0.  22  X  (37  -  4) 
R 

=  7.3 


Mo-Mo 
=  0.19  X  (37 

K 


b.  Cesium  conduction 


Q  =  A  (T  -  T 
R  E  C" 
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A  =  conduction  heat  loss  (w  cm  °C  ). 

Since  both  diodes  operate  at  the  same  cesium  pressure  (1  mm  Hg) 

and  at  the  same  emitter  and  collector  temperatures,  they  will  have  the  same 

value  of  Q  . 

C  s 

-Z  - 1 

A  at  1  mm  Hg  is  found  from  Fig .  3-  1 0  to  be  0 .  00 1  w  cm  °C 

Then 

Q_  =  0.001  (1600  -  925)  =  0.775  w/cm2. 

CrS 

c.  Emitter  lead  conduction. 

=  conduction  losses  through  the  emitter  lead  (emitter  support 
sleeve). 

For  the  design  of  a  lead  optimized  to  give  minimum  (electrical  and  thermal) 
losses  under  particular  operating  conditions,  the  following  equation  is  used: 


Q  =  I 
c 


r,  )  (  2  r? 


')  U 


1/2  «W/2, 


p  =  diode  efficiency, 

p  =  electrical  resistivity  of  lead  material  (ohms -cm), 
k  =  thermal  conductivity  of  lead  material  (w  °C  ^  cm  ^), 
AT  =  TE  -  Tc  (°C). 


The  use  of  a  tantalum  lead  is  most  probable.  Therefore, 


p„  =  55  X  10  ohm-cm, 
i  a 

k  =  0.  585  w  °C  1  cm 
Ta 

AT  =  1600  -  925  =  775°C. 


The  solution  of  this  equation  is  an  iterative  process  since  an  efficiency  must 


be  assumed  in  order  to  find  Q  . 

c 

Ta-Mo 


Q  =0.52  w/cm 
c 


Mo  -Mo 

2 

Q  =3.6  w/cm 
c 
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4.  Electron  cooling, 


Q  =  E  X  I; 
ec  c 


Q  =  electron  cooling  (includes  heat  loss  and  power  output), 
ec 

=  measured  electron  cooling  (volts), 


I  =  output  current  (amp). 


Ta-Mo 

Q  =1.7X1 
ec 

=  2.7 


(3)  Efficiency. 


°R  +  QCs  +  Qc  +  Qec 


(P  includes  the  valve  of  P  ). 
ec  o 


Mo -Mo 

Q  =  2.  5  X  9 

ec 

=  22.  5 


Ta-Mo 


Mo-Mo 


0.  5 

7.3  +  0. 775  +  0.  52  +  0.27 


2.7 

6.3  +  0.  775  +  3.6  +  2.  25 


0.  5 
11.3 


4.  43% 


2.  7 
33.  2 


=  8.  14% 


These  values  of  efficiency  are  for  diode  operation  at  the  point  of  maximum 
power  output  for  a  given  emitter  temperature.  They  do  not  represent  the  maximum 
achievable  efficiency  for  the  same  emitter  temperature.  To  determine  the  maximum 
efficiency  for  a  given  emitter  temperature,  it  is  necessary  to  perform  a  number 
of  similar  computations  at  other  points  on  the  same  I-V  curve,  and  then  to  perform 
a  similar  series  of  calculations  for  other  I-V  curves,  obtained  at  the  same  emitter 
temperature  but  va.rious  collector  temperatures  and  cesium  pressures. 


•A 
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This  type  of  calculation  would  at  first  glance  seem  to  require  an  immense 
volume  of  data  and  machine  computation.  However,  our  experiments  have  shown 
that  the  only  quantity  that  seriously  affects  the  optimization  of  efficiency  at  a  given 
emitter  temperature  is  electron  cooling.  Therefore,  a  limited  series  of  experi¬ 
ments  can  be  planned  to  determine  the  variation  in  electron  cooling  with  output 
power  and  allow  calculation  of  optimised  efficiency  with  a  reasonable  effort.  Once 
a  relationship  has  been  established  between  electron  cooling  and  the  experimental 

variables  (T  ,  T  ,  and  T  ),  the  determination  of  optimum  efficiency  will  be 
EC  C  s 

considerably  simpler  and  more  direct.  Such  a  relationship  is  one  of  the  long-term 
objectives  of  the  work  initiated  under  this  program. 

3.4  Spacing 

The  design  of  the  test  vehicle  allows  for  variation  of  the  interelectrode  spacing 
of  each  of  the  test  diodes.  The  method  of  setting  the  spacing  (see  Appendix  A) 
enables  accurate  adjustment  of  the  spacing  to  a  known  value. 

Considerable  experimental  data  were  collected  by  running  the  Mo -Mo 
tube  at  spacings  varying  from  2  to  12  mils.  For  the  temperature  range  between 
1300  and  1500°  C,  the  data  indicate  that  maximum  output  power  shows  a  peak  at 
spacings  between  8  and  10  mils.  Similar  experimentation  was  initiated  later  m  the 
quarter  with  the  Ta-Mo  tube,  but  sufficient  data  are  not  yet  available  to  allow  any 
conclusions  to  be  drawn. 

The  peak  in  output  power  of  the  Mo -Mo  tube  at  a  fairly  large  spacing  had 
not  been  predicted  by  previous  studies.  The  cause  of  this  peak  has  not  yet  been 
explained.  It  is  expected  that  a  theoretical  concept  can  be  developed  only  after 
further  experimentation. 

It  is  fortunate,  from  the  hardware  design  standpoint,  that  the  optimum  spacing, 
at  least  at  these  emitter  temperatures,  is  greater  than  the  minimum  attainable. 
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Output  Voltage; 


Output  Voltage, 


Output  Voltage, 


Output  Voltage, 


Ignited  mode  motive  diagram 


Fig.  3-7.  Motive  diagram 
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Fig.  3-11.  Maximum  power  output  vs  emitter  temperature 


TABLE  3-1 


WORK  FUNCTIONS  OF  A  CESIUM-COVERED  MOLYBDENUM  EMITTER 
AS  OBTAINED  BY  VARIOUS  METHODS 


4.  0  PLANS  FOR  THE  SECOND  QUARTER 

During  the  second  quarter,  the  experimental  work  will  continue  with  the 
tantalum-molybdenum  and  molybdenum- molybdenum  diodes.  Special  attention 
will  be  given  to  improvement  of  the  techniques  for  accurate  measurement  of  ion 
currents  since  the  present  measurements  are  not  satisfactory.  More  extensive 
data  will  be  taken  on  the  Ta-Mo  tube  at  a  greater  variety  of  spacinga  and  temper¬ 
atures  to  determine  whether  the  optimized  spacing  is  other  than  the  minimum 
achievable.  Radiation  loss  measurements  will  be  made  On  the  Mo-Mo  tube, 
operation  with  an  emitter  temperature  of  1300  °C  (or  less)  will  be  attempted. 

By  the  end  of  the  quarter,  the  data  collected  on  the.  Mo-Mo  tube  should  be  sufficient 
to  permit  accurate  correlations  to  be  prepared  At  that  time  theoretical  work  will 
be  intensified. 

The  rhenium-molybdenum  and  tungsten-molybdenum  test.  vehicles  will  be 
completed,  and  experimental  work  with  them  will  be  initiated 

To  facilitate  the  collection  and  reduction  of  the  massive  amount  of  data 
required,  improvements  will  be  made  in  the  current  test  set-up  and  a  second 
test  set-up  will  be  completed.  The  automatic  recording  and  plctting  devices  that 
are  being  integrated  into  the  test  set-ups  will  greatly  improve  the  speed  and 
efficiency  of  both  the  experimental  work  and  the  data  reduction 

Correlation  and  theoretical  analysis  will  continue  and  be  increased  as  more 
test  results  become  available. 

If  time  permits,  a  diode  will  be  fabricated  of  a  fifth  emitter  material, 
to  be  chosen  after  careful  examination  of  the  significant  properties  of  sever  al 
materials  now  under  consideration. 

Tests  to  examine  the  compatibility  of  various  emitter  materials  with  uranium 
carbide  will  be  examined. 

The  schedule  for  the  remainder  of  the  contract  year  is  shown  in  Table  4-1. 
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CONSOLIDATED  WORK  SCHEDULE* 


^Contract  No.  4015  ARPA;  NONR-3563(00). 
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APPENDIX  A.  THE  TEST  VEHICLE 

To  fulfill  the  basic  objectives  of  the  program,  extensiVe  and  reliable  data 
are  required.  Therefore,  a  versatile  and  reliable  test  vehicle  is  extremely 
important. 

The  test  vehicle  was  carefully  designed  to  produce  reliable,  reproducible 
data.  To  achieve  these  results,  all  construction  and  braze  materials  that  exhibited 
any  sign  of  corrosion  in  the  previously  conducted  cesium  corrosion  study  were 
excluded  from  the  diode.  (Appendix  D  summarizes  the  cesium  corrosion  study.) 

The  exclusion  of  all  corrodible  materials  not  only  helps  to  eliminate  the  possibility 
of  leaks  and  other  braze  failures,  but  also  minimizes  the  possibility  of  contamination 
of  the  cesium  vapor,  which  would  alter  diode  performance  with  time. 

To  further  guard  against  contamination,  a  long  and  exacting  outgassing  procedure 
is  employed.  After  construction,  the  test  vehicle  is  attached  to  a  Vaclon  pump  for 
evacuation  and  all  components  are  brought  to  temperatures  higher  than  those  attained 
at  any  time  during  testing.  These  conditions  are  maintained  until  the  pressure 
stabilizes  at  a  low  value;  then  the  unit  is  cooled  and,  if  no  appreciable  change  in 
pressure  is  observed,  it  is  sealed  off.  A  large  tantalum  piece  (part  3,  Fig.  A-3) 
is  incorporated  in  the  unit.  At  operating  temperature,  this  piece  acts  as  a  getter 
for  gases.  Thus,  any  small  amounts  of  gas  that  may  be  released  later  will  be 
gettered. 

As  a  result  of  this  meticulous  design,  fabrication,  and  treatment,  the  Ta-Mo 
and  Mo-Mo  test  vehicles  have  shown  completely  reproducible  results.  The  repro¬ 
ducibility  is  checked  at  the  beginning  of  each  test  period  by  reproducing  an  I-V  curve 
taken  previously. 

To  arrive  at  a  truly  versatile  vehicle,  provisions  are  made  to  vary  the  important 
parameters  independently.  These  are  the  emitter  temperature,  the  collector  tem¬ 
perature,  the  interelectrode  spacing,  and  the  cesium  pressure.  The  variation  in 
spacing  required  the  development  of  a  special  flexible  ceramic  seal.  The  collector 
temperature  is  controlled  by  providing  a  resistance  heater  and  a  wide  heat  path  to 
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a  water-cooling  coil.  Thus  a  combination  of  heating  and  cooling  allows  very  accurate 
control.  The  cesium  reservoir  temperature  (and  consequently  the  cesium  pressure) 
is  controlled  in  the  same  manner  as  the  collector  temperature.  The  instrumentation 
provides  an  accurate  means  of  determining  each  of  the  variable  parameters  under 
any  operating  condition. 

Figure  A-l  is  a  photograph  of  the  instrumented  test  diode.  Figure  A-2  is  a 
cut-away  view  of  the  diode  and  its  electron-bombardment  heater,  and  Fig.  A-3  is  a 
detailed  drawing  of  the  emitter-collector  assembly. 

The  accurate  adjustment  of  interelectrode  spacing  will  be  described  with  refer¬ 
ence  to  Fig.  A-3.  The  emitter  (1)  and  the  collector  (10)  are  shown.  A  ceramic  disc 
(7),  just  large  enough  to  fill  the  gap  between  the  emitter  and  collector  supports,  is 
inserted  when  the  emitter  and  collector  are  touching.  Metallic  shims  (6),  equal  to 
the  desired  spacing,  are  then  used  to  set  the  spacing  accurately. 

The  emitter  and  collector  structures  are  designed  so  that  the  spacing  is  inde¬ 
pendent  of  emitter  or  collector  temperature  over  the  operating  range  of  the  vehicle. 
On  the  collector  structure,  this  is  achieved  by  fabricating. the  entire. heat  path,  from 
the  collector  face  to  the  spacer  shim,  of  the  same  material  and  making  the  inner 
and  outer  legs  of  the  structure  of  sufficient  thickness  to  minimize  the  temperature 
drop  between  them.  Thus  ,  the  thermal  expansion  of  the  inner  and  opter  legs  is 
the  same,  and  the  collector  face  remains  fixed  with  respect  to  the  ceramic  shijn. 

On  the  emitter  side,  the  heat  path  is  up  through  a  length  f  of  the  emitter  at  high 
temperature,  down  through  a  length  2 f  of  the  emitter  lead  (and  support),  which  is 
at  an  average  of  the  high  and  low  temperatures,  and  up  through  a  length  l  at  low 
temperature.  Since  the  material  is  tantalum  throughout,  the  net  displacement  of  the 
emitter  face  relative  to  the  spacer  shim  is  zero,  except  for  second-order  effects 
(variation  in  thermal  expansion  coefficient  with  temperature  and  nonlinearity  of 
the  temperature  distribution  in  the  emitter  lead). 

The  emitter  temperature  is  measured  by  optical-pyrometer  observation  of 
the  hole  (26)  on  the  side  of  the  emitter.  The  collector  temperature  is  measured  by 
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a  Pt|Pt-10%  F.h  thermocouple  (11a),  with  a  suitable  correction  added.  The  collector 
is  supported  on  a  copper  section  (12),  which  also  serves  to  measure  the  heat  re¬ 
jected  from  the  collector.  The  heat  flux  measuring  section  is  an  accurately  machined 
section  with  two  thermocouples  (11a  and  lib).  The  temperature  difference  between 
(11a)  and  (lib)  is  a  measure  of  the  heat  rejected  by  the  collector  .  From  this  heat 
flux  quantity,  a  temperature  drop  through  the  collector  is  calculated  and  is  added 
to  the  (11a)  reading  to  obtain  the  actual  collector  face  temperature. 

The  heat  flux  measuring  section  is  supported  on  the  lower  housing  (part  13, 

Fig.  A-2),  which  incorporates  a  resistance  heater  and  rests  on  three  legs  joined  to 
a  water-cooled  coil.  The  collector  temperature  is  adjusted  by  varying  the  heat 
supplied  by  the  resistance  heater.  The  balance  between  the  heat  transferred  to  the 
water -cooling  coil  and  the  heat  supplied  by  the  resistance  heater  determines  the 
collector  temperature. 

Two  copper  tubes  are  attached  to  the  lower  housing.  One  tube  (15)  serves  for 
evacuation  and  is  crimped  off.  The  other  tube  leads  to  the  cesium  reservoir  (16), 

The  temperature  of  the  cesium  reservoir  is  again  controlled  by  balancing  the  heat 
lost  through  the  cooling  strap  (21)  against  the  heat  put  in  by  the  resistance  heater.,, 
which  is  wrapped  around  the  cesium  reservoir. 


NOMENCLATURE  FOR  FIGS.  A-2  and  A-3 


1.  Emitter 

2.  Emitter  heat  barrier  and  lead 

3.  Emitter  structure  support 

4.  Electron-bombardment  filament  radiation  shield 

5.  Electron-bombardment  filament 

6.  Metallic  spacing  shim 

7.  Ceramic  insert  at  zero  spacing 

8.  Flexible  seal 

9.  Insulator  assembly 

10.  Collector  and  collector  lease  structure 
11a. 

^  Thermocouples 

12.  Collector  cooling  cylinder  (heat  flux  measuring  section) 

13.  Electrically  heated  temperature-control  structure 

14.  Water-cooled  temperature-control  structure 

15.  Evacuation  tube 

16.  Cesium  reservoir 

17.  Base  plate  leadthrough 

18.  Base  plate 

19.  Tension  spring  adjuster 

20.  Tension  spring 

21  f  Cesium  reservoir  cooling  strap 

22.  Cesium  tube 

23.  Emitter  structure  radiator 

24.  Collector  cooling  cylinder  radiation  shield 

25.  Conductive  post 

26.  Emitter  temperature  measurement  hole  (blackbody  for  optical 
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APPENDIX  B,  TEST  SET-UP  AND  INSTRUMENTATION 

To  operate,  a  thermionic  converter  requires  a  heat  source  to  supply  the 
emitter,  a  cold  sink  to  which  heat  is  rejected,  and  a  load  across  the  two  electrodes. 
The  test  set-up  used  with  the  present  converters  is  essentially  that.  The  cold  sink 
is  a  water-cooled  coil  and  has  been  described  in  Appendix  A. 

The  heat  source  for  the  emitter  is  a  stream  of  electrons  accelerated  by  a 
high  voltage.  Figure  B-l  is  the  electrical  circuit  diagram  of  the  test  set-up.  The 
bombardment  filament  is  brought  to  a  high  temperature  with  power  supplied  by 
the  50-volt  ac  supply.  A  high  potential,  usually  about  1000  volts,  is  then  applied 
between  the  bombardment  filament  and  the  emitter  of  the  test  vehicle.  The  high 
potential  accelerates  the  electrons  emitted  by  the  hot  filament  toward  the  emitter. 

The  0-to-50  volt  ac  supply  is  stabilized  so  that  once  the  desired  value  of 
bombardment  current  is  set,  it  does  not  drift  with  time.  This  feature  is  very 
important  since  the  emitter  temperature  must  remain  constant  during  a  series 
of  measurements. 

The  output  of  the  test  unit  is  connected  to  the  center  posts  of  double-pole 
double-throw  switch  S^.  When  is  thrown  to  the  right,  variable-load  resistor 
L  is  connected  across  the  unit  and  the  output  current  and  voltage  are  read  on 
meters  A0  and  V^.  When  is  thrown  to  the  left,  a  variable  voltage  source  is 
connected  across  the  test  unit.  The  variable  voltage  source  consists  of  a  resistor, 
a  battery,  and  a  reversing  switch.  The  voltages  applied  to  the  unit  can  be  of  a 
polarity  either  similar  to  or  the  reverse  of  the  output  voltage  of  the  unit.  Load 
L^  is  a  reference  load  in  the  sense  that  it  is  connected  across  the  test  unit  and 
equilibrium  is  established  under  given  emitter,  collector,  and  cesium  bath 
temperatures.  Load  L^  is  an  instantaneous  load;  it  is  connected  momentarily 
across  the  unit  and  the  voltage  and  current  are  measured.  It  is  then  disconnected 
and  L^  is  again  connected.  When  is  thrown  to  the  left,  and  after  contact  has  been 
established,  push-button  is  automatically  depressed  by  switch  S^.  connects 
capacitor  across  the  unit,  and  is  charged  to  output  voltage.  is  then 
automatically  opened  before  contact  with  load  L  is  broken;  thus,  C  remains 

Lt  I 
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charged  to  the  output  voltage  corresponding  to  load  L^.  This  voltage  is  indicated 
by  electronic  voltmeter  V^.  The  purpose  of  this  procedure  is  to  minimize  the 

time  that  L,„  must  remain  connected  to  the  test  unit  so  that  conditions  do  not 

2 

drift  from  equilibrium.  The  experimenter  must  read  only  meter  while 

is  connected;  V  can  be  read  after  switch  S,  is  connected  to  load  L  . 

4  11 

This  test  set-up  has  been  very  useful.  Current-voltage  characteristics  and 

other  curves  can  be  taken  by  first  stabilizing  the  test  unit  at  a  fixed  combination  of 

emitter,  collector,  and  cesium  temperatures  under  one  particular  load  condition, 

and  then  momentarily  going  to  other  load  conditions  without  having  to  wait  for 

equilibrium  to  be  re-established. 
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APPENDIX  C,  TEST  PROCEDURES 


The  procedures  described  below  were  carefully  developed  to  assure  accurate 
and  reliable  data. 

C.  1-  I-  V  Curves 

The  I-V  curves  usually  consist  of  two  parts:  the  upper  mode  and  the  lower 
mode  (see  Fig.  3-2).  Initially,  the  tube  is  brought  to  equilibrium  in  the  upper 
mode,  so  that  the  emitter,  collector,  and  cesium  temperatures  have  the  desired 
values.  In  practice,  this  point  of  equilibrium  is  chosen  near  the  maximum  power 
point  as  determined  from  previous  experience.  From  this  point,  the  tube  is 
switched  momentarily  by  means  of  the  switching  circuit  described  in  Appendix  B 
to  other  points  of  the  upper  mode.  A  sufficient  number  of  points  are  taken  to  allow 
an  accurate  curve  to  be  drawn  through  them,  which  represents  the  entire  upper  mode. 
It  is  sometimes  necessary  to  allow  the  tube  to  return  to  equilibrium  after  a  point  is 
taken,  since  more  or  less  current  than  the  equilibrium  current  cools  or  heats  the 
emitter.  A  few  seconds  is  usually  sufficient  to  return  the  tube  to  equilibrium, 
which  is  indicated  by  the  return  of  the  current  and  voltage  to  the  original  values. 

Next,  the  equilibrium  point  is  set  at  open  circuit;  i.  e.  ,  the  load  is  removed 
from  the  diode.  This  corresponds  to  point  O..  C.  From  this  point,  the  diode  is 
switched  to  points  on  the  lower  mode,  and  the  point  of  ignition  (point  B)  is  deter¬ 
mined.  Enough  data  have  now  been  collected  to  determine  the  complete  I-V  curve 
as  shown  in  Fig.  3-2. 

The  I-V  curve  corresponding  to  maximum  power  output  for  a  particular 
emitter  temperature  and  diode  spacing  is  of  particular  interest.  To  find  the 
maximum  power’ output,  the  diode  is  operated  in  the  upper  mode  at  an  output 
voltage  near  that  which  experience  has  shown  to  be  close  to  the  maximum  power 
point.  Since  the  collector  temperature  has  a  smaller  influence  on  power  output 
than  the  cesium  reservoir  temperature,  the  collector  temperature  is  fixed  while  the 
cesium  reservoir  temperature  is  varied  until  the  maximum  output  is  obtained.  An 
I-V  curve  is  taken  at  this  point.  Then,  two  more  curves  at  different  cesium 
reservoir  temperatures,  at  least  one  higher  and  at  least  one  lower  than  the  first 


\ 
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value,  are  taken.  In  this  manner,  the  maximum  power  point  is  either  determined 
or  bracketed  by  the  three  curves  for  the  specific  collector  temperature.  The 
collector  temperature  is  then  charged,  and  the  process  is  repeated  until  sufficient 
information  is  obtained  to  identify  and  plot  the  maximum  power  curve. 

C.  2  Ignition 

Special  precautions  are  taken  to  determine  the  ignition  point  accurately. 

The  unit  is  operated  at  the  open-circuit  condition,  and  progressively  lower  voltages 
are  applied  momentarily  until  the  ignition  voltage  is  exceeded.  The  ignition  voltage 
has  now  been  bracketed  by  the  last  two  applications  of  voltage.  Further  momentary 
applications  of  voltage  are  made  in  this  region  until  the  exact  value  of  ignition 
voltage  is  identified.  This  value  is  then  recorded. 

C.  3  Ion  Currents 

The  determination  of  the  ion  current  is  actually  an  extension  of  the  I-V  curve 
in  which  one  applies  higher  than  open-circuit  voltages  across  the  diode  and  observes 
the  value  of  the  current.  However,  two  steps  are  necessary.  The  diode  is  first 
brought  to  equilibrium  under  open- circuit  conditions  with  the  particular  emitter, 
collector,  and  cesium  reservoir  temperature  of  interest.  From  this  point,  the 
voltage  is  switched  to  values  higher  than  open- circuit  voltage,  so  that  the  collector 
becomes  even  more  negative  with  respect  to  the  emitter,  thus  attracting  the  ions 
generated  at  the  emitter.  Electrons  coming  from  the  emitter  cannot  reach  the 
collector  because  of  its  highly  negative  potential.  A  curve  similar  to  curve  A 
(Fig.  C  —  1 )  is  obtained  in  this  manner.  However,  this  curve  does  not  represent 
the  ion  current  since  electrons  emitted  by  the  collector  flow  to  the  emitter  at 
the  same  time  the  ions  are  flowing  to  the  collector.  This  electron  flow,  termed  the 
back  emission,  must  be  measured  separately  and  subtracted  from  the  above  curve. 
C.  4  Back  Emission 

The  back  emissior  is  measured  by  lowering  the  emitter  temperature  until 
the  ion  current  produced  at  the  emitter  face  is  negligible,  while  maintaining  the 
same  collector  temperature  and  cesium  pressure  as  noted  in  Section  C.  3.  Points 
are  taken  for  voltages  at  which  the  collector  is  again  highly  negative,  so  that  all 
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the  electrons  emitted  by  the  collector  go.  to  the  emitter.  The  data  taken  in  thi's 
manner  result  in  a  curve  similar  to  curve  B  (Fig.  C-l).  The  ion  current  is 
then  given  by  (curve  C)  =  (curve  A)  -  (curve  B),  Each  of  these  curves  reaches 
an  asymptotic  limit.  This  limit  is  actually  the  meaningful  part  of  the  data  since, 
before  the  asymptote  is  reached,  not  all  the  ions  or  electrons  are  collected  on 
the  appropriate  diode  element. 

C.  5  Electron  Cooling 

This  quantity  is  defined  as  the  average  energy  in  electron  volts  carried 
away  from  the  emitter  by  one  electron.  The  units  of  electron  cooling  enable  an 
easy  comparison  between  the  electron  cooling  and  the-^work  function  of  emitter 
materials. 

Since  the  electron  cooling  appears  as  a  heat  flow  from  the  emitter,  it 
also  represents  a  major  factor  in  the  efficiency  of  operation  of  the  diode.  In 
this  connection,  it  is  more  convenient  to  speak  of  electron  cooling  in  terms  of 
watts  per  ampere;  i.  e.  ,  each  ampere  that  flows  from  the  emitter  to  the  collector 
cools  the  emitter  by  a  certain  number  of  watts,. 

The  magnitude  of  the  electron  cooling  may  be  observed  graphically  with  the 
aid  of  Fig.  3-7.  To  escape  from  the  emitter,  the  electrons  must  surmount  a 
barrier,  given  by 


V,  .  =  +  6. 

barrier  E 


(C-l) 


In  addition,  the  electrons  that  escape  have  an  average  thermal  energy  equal  to 

2kT  .  Thus  the  total  energy  carried  away  from  the  emitter  by  each  electron  is 
£ 


V  .  *  =  V,  +  2kT  =  +  6  +  2kT  . 

electron  barrier  EE  E 
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Each  electron  that  carries  heat  away  from  the  emitter  supplies  heat  to  the 
collector.  This  "electron  heating"  is  the  average  thermal  energy  in  electron  volts 
that  each  electron  delivers  to  the  collector.  This  value  is  given  by 


y  =  v  -  v  . 

electron  heating  electron  cooling  o 


(C-3) 

Thus,  a  portion  of  the  energy  carried  from  the  emitter  by  the  electron  appears 
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as  power  output,  and  the  remainder  is  converted  to  heat,  which  is  dissipated 
through  the  collector. 

The  test  vehicle  is  capable  of  measuring  both  electron  heating  and  electron 
cooling,  directly  and  simultaneously.  First,  the  diode  is  brought  to  equilibrium 
under  open- circuit  conditions,  and  the  heat  input  to  the  emitter  is  measured. 

Then,  a  load  is  placed  across  the  diode,  and  the  tube  is  again  brought  to 
equilibrium  so  that  the  temperature  of  emitter,  collector,  and  cesium  reservoir 
are  the  same  as  in  the  open-circuit  case.  Now,  a  higher  input  to  the  emitter  is 
necessary.  The  difference  represents  the  electron  cooling  at  the  particular 
operating  point  in  question,  all  other  heat  losses  being  the  same  in  the  two 
cases. 

The  electron  heating  of  the  collector  is  measured  simultaneously  with  the 
electron  cooling.  In  the  open- circuit  condition,  the  heat  flux  from  the  collector  is 
determined  by  means  of  the  two  thermocouples  in  the  heat-flux  measuring  section 
(see  Appendix  A).  This  heat  flux  is  measured  again  with  a  load  across  the  tube. 
As  in  the  case  of  the  emitter,  the  difference  in  the  two  heat  flux  values  repre¬ 
sents  the  electron  heating.  The  measurements  of  electron  heating  and  electron 
cooling  may  be  checked  against  each  other  by  recording  power  output  and  using 
Eq.  (C-3). 

C.  6  Cesium  Gas  Conduction 

In  a  manner  similar  to  that  used  for  the  measurement  of  electron  heating 
and  cooling,  the  cesium  gas  conduction  can  be  measured. 

With  the  diode  operating  under  open-circuit  conditions  and  with  a  cold 
cesium  reservoir  (so  that  the  cesium  pressure  is  very  low),  the  heat  flux  from 
the  collector  is  measured  by  the  heat  flux  measuring  section. 

Then  measurements  of  the  heat  flux  are  made  with  successively  higher 
cesium  temperatures,  which  correspond  to  higher  cesium  pressures.  The 
difference  in  heat  flux  between  that  obtained  with  a  cold  cesium  reservoir  and 
that  obtained  with  a  hotter  reservoir  represents  cesium  conduction  at  a  specific 
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pressure.  After  many  such  measurements  are  taken,  a  curve  (Fig,  3-10)  may  be 
drawn.  The  heat  flux  measuring  section,  rather  than  the  emitter  input  power,  is 
employed  for  these  measurements  because  the  former  is  more  sensitive  to  small 
changes  in  heat  flow, 

C.  7  Radiation 

The  amount  of  heat  flux  from  the  collector  at  zero  cesium  pressure  represents 
the  total  heat  loss  to  the  collector  from  the  emitter  by  radiation.  A  slight  correction, 
stemming  from  the  geometry  of  the  tube,  is  required,  however.  Consider  Fig.  C-2. 
Most  of  the  radiation  comes  to  the  collector  from  the  emitter  face.  This  is  the 
quantity  one  wishes  to  measure.  The  collector  also  receives  heat  from  the  space 
between  the  emitter  and  the  thin  metal  spacer.  This  space  acts  like  a  cavity,  with 
an  emissivity  that  approaches  that  of  a  blackbody.  This  approximation  is  used  to 
calculate  the  heat  radiated  from  the  space.  It  is  estimated  that  half  the  heat  from 
this  space  flows  to  the  collector  and  the  other  half  to  the  thin  spacer  wall  next  to 
the  collector.  Therefore,  half  the  heat  from  this  space  is  subtracted  from  the 
heat  flux  down  the  collector  to  obtain  a  value  for  the  radiation  from  emitter  to 
collector.  This  correction  is  usually  about  5%. 

No  other  corrections  are  necessary  since  the  thin  metal  spacer  drops  the 
high  emitter  temperature  to  a  value  close  to  the  collector  temperature.  Therefore, 
little  heat  flows  across  the  A1  O  spacer,  and  little  heat  exchange  by  radiation  takes 

Ld  J 

place  between  the  collector  and  the  lower  part  of  the  emitter  structure. 

Note  that  the  heat  input  to  the  emitter  is  not  a  good  measurement  of  the 
radiation  to  the  collector  because  of  the  heat  loss  from  the  emitter  back-side  by 
radiation  and  the  radiation  from  the  emitter  radiator.  The  input  to  the  emitter  is 
good  only  for  difference  measurements,  where  the  unknown  back  radiation  loss 
cancels  out. 
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APPENDIX  D.  CESIUM  CORROSION  STUDY 


Several  months  before  the  initiation  of  NONR  3563(00),  Thermo  Electron 
had  conducted  a  thorough  investigation  of  the  cesium- corrosion  resistance  of 
the  structural  and  brazing  materials  that  were  considered  most  promising  for 
use  in  thermionic  converters. 

One  or  more  samples  of  each  of  the  materials  listed  in  Table  D-I  were 
placed  in  an  evacuated  copper  tube  with  one  gram  of  liquid  cesium.  The  copper 
tube  was  heated  in  a  hydrogen  furnace  for  24  hours  at  650°  C.  The  tube  was  then 
removed  from  the  furnace  and  cut  open  while  immersed  in  oil,  and  the  sample  was 
removed.  After  being  washed  with  water,  the  sample  was  compared  under  a 
microscope  with  a  control  sample  taken  from  the  same  stock.  Any  alteration  in 
the  appearance  of  the  surface  (i.  e.  ,  discoloration,  etching,  or  disintegration) 
was  recorded. 

Materials  that  exhibited  no  visible  alteration  whatever  were  classified  in  the 
"no  corrosion"  category  shown  in  Table  D-I.  Materials  that  exhibited  some  alteration 
bxit  no  etching  or  pitting  of  the  surface  were  classified  under  the  "slight  corrosion" 
category.  Finally,  materials  that  exhibited  any  removal  of  material  from  the  sur¬ 
face  of  the  sample  (pitting,  etching,  solution  by  the  cesium)  were  placed  in  the 
"high  corrosion"  category.  A  very  important  result  of  this  study  was  that  the 
noble  metals,  which  are  prime  constituents  of  many  available  brazing  alloys, 
were  identified  as  being  highly  susceptible  to  cesium  corrosion.  This  has  led 
to  the  development  of  diode  fabrication  techniques  that  circumvent  the  use  of 
noble-metal  brazes.  Some  of  these  techniques  are  unique  developments  of 
Thermo  Electron  and  have  enabled  the  development  of  the  experimental  test 
vehicle,  which  is  the  basic  tool  of  the  current  program. 
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APPENDIX  E.  THERMODYNAMIC  DERIVATION  OF  THE  DEPENDENCE  OF 

CESIUM  ARRIVAL  RATE  UPON  EMITTER  SURFACE  TEMPER¬ 
ATURE 

This  appendix  presents  the  derivation  of  Eq.  (3-2),  which  describes  the 
relationship  between  the  number  of  cesium  atoms  evaporated  from  a  metal 
surface  and  the  temperat are  of  the  surface.  That  is, 

v  =  CT2e'B/T.  (E-l) 

a 

This  relationship  may  be  derived  by  considering  that  there  exists  at  the 
surface  of  the  emitter  a  layer  of  cesium  atoms  that  has  a  temperature  equal  to 
the  metal  surface  temperature.  These  atoms  see  a  potential  barrier  due  to  an 
attraction  between  them  and  the  metal.  The  atoms  in  this  layer  are  assumed  to 
act  like  a  perfect  gas. 

The  Gibb’s  function  for  this  gas  of  atoms  can  be  written  as 

g  =  h  -  Ts,  (E-2) 

where  g  is  the  Gibb's  function,  h  is  the  enthalpy  of  the  gas,  T  is  the  temperature 
of  the  metal  surface,  and  s  is  the  entropy  of  the  gas.  Langmuir  has  suggested 
[2]  that  it  is  reasonable  to  assume  that  the  Gibb's  free  energy  is  primarily  a  function 
of  coverage  and  a  very  weak  function  of  temperature.  Therefore,  we  will  consider 
g  to  be  constant  for  a  specific  cesium  coverage. 

From  fundamental  thermodynamics,  we  may  write  the  following  property 
relationship  for  any  pure  substance: 

dh  .=  T  ds  +  v  dp.  (E-3) 

This  maybe  rearranged  as  follows: 

ds  =  i  dh  -  ^  dp.  (E-4) 

For  a  perfect  gas, 

dh  =  c  dT,  (E-5) 

P 

where  c  is  the  specific  heat  at  constant  pressure  and  pv  =  kT.  For  a  perfect  gas, 
P 

Eq.  (E-4)  becomes 


E- 


(E-6) 


If  the  cesium  coverage  is  fixed,  then  g  is  as  sum  3q.  (E-8) 

represents  a  relationship  between  pressure  and  i  gas  at  the 

metal  surface. 

Rewriting  Eq.  (E-8)  and  making  use  of  the  jnship 

5 

CP  "  2 
we  have  that 


In  p  =  -|  r  |  In  T  + 


Jo  5/2  g/kT 
I  e 


For  a  perfect  gas,  the  collision  frequency  of  the  gas  on  a  surface  is  [4] 
v  =  p  (2-rrMkT)^  ^ 

where  M  is  the  mass  of  a  cesium  atom. 

Finally,  combining  Eqs.  (E-ll)  and  (E-12),  we  have  that 


c  -  s 
P _ o 


(2TrMk)1/2T2eg/kT 


We  can  now  rewrite  Eq.  (E-13)  in  the  form  of  Eq.  (E-l): 

_  2  -B/T 
v  =  CT  e 


where 


c  -  s 

_P _ £ 


(2TrMk) 


(E-  1  5) 
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APPENDIX  F.  SELECTED  DATA 


The  curves  presented  in  this  appendix  are  I-V  and  output  power  curves 
taken  at  various  combinations  of  emitter  temperature,  collector  temperature, 
cesium  pressure,  and  interelectrode  spacing.  The  first  10  curves  were  taken 
from  the  Ta-Mo  tube,  and  the  remaining  40  were  taken  from  the  Mo-Mo  tube. 
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